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nitrogen atom. In still other embodiments the metal contain-
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1
ALD OF ZIRCONIUM-CONTAINING FILMS
USING CYCLOPENTADIENYL COMPOUNDS

REFERENCE TO RELATED APPLICATIONS

The present application is a continuation of U.S. patent
application Ser. No. 11/588,595, filed Oct. 27, 2006, entitled
“ALD OF METAL-CONTAINING FILMS USING
CYCLOPENTADIENYL COMPOUNDS,” the disclosure of
which is hereby incorporated herein by reference in its
entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This application relates generally to processes for depos-
iting metal containing films. Certain embodiments relate to
processes for manufacturing metal containing thin films by
atomic layer deposition using volatile metal containing
cyclopentadienyl compounds as source materials.

2. Description of the Related Art and Summary of the
Invention

Atomic layer deposition (“ALD”) refers to vapor deposi-
tion-type methods in which a material, typically a thin film, is
deposited on a substrate from vapor phase reactants. It is
based on sequential self-saturating surface reactions. ALD is
described in detail, for example, in U.S. Pat. Nos. 4,058,430
and 5,711,811, incorporated herein by reference.

According to the principles of ALD, the reactants (also
referred to as “source chemicals™ or “precursors”) are sepa-
rated from each other, typically by inert gas, to prevent gas-
phase reactions and to enable the self-saturating surface reac-
tions. Typically, one of the precursors self-limitingly adsorbs
largely intact, without thermal decomposition, while one of
the precursors strips or replaces the ligands of the adsorbed
layer. Surplus source chemicals and reaction by-products, if
any, are removed from the reaction chamber by purging with
an inert gas and/or evacuating the chamber before the next
reactive chemical pulse is introduced. ALD provides con-
trolled film growth as well as outstanding conformality. Vari-
ous ALD recipes are possible with different reactants sup-
plied in sequential pulses each with different functions, but
the hallmark of ALD is self-limiting deposition.

Metal containing cyclopentadienyl compounds are techno-
logically very important and have a variety of industrially
useful properties. One such property is the ability for these
compounds to adhere to both metals and nonmetals. Further-
more, without being bound to any theory, it is believed that the
attached cyclopentadienyl ligand(s) contribute to overall
compound stability. As a result, metal containing compounds
can be used, for example, as precursors for forming adhesion
layers in various structures including semiconductors, insu-
lators, and ferroelectrics.

Metal containing films have previously been manufactured
by physical vapor deposition (PVD) methods. These pro-
cesses are well-known in the art. However, the PVD process
has a number of drawbacks. For example, the PVD process is
difficult or impossible to use for depositing thin film layers on
complicated surfaces such as microelectronic surfaces with
deep trenches and holes. In contrast, ALD processes can
provide films of uniform quality and thickness.

Several different metal containing precursors have been
previously used in ALD methods, but these precursors have a
tendency to incorporate impurities into the growing thin film.
For example, known processes utilizing metal chlorides, such
as TiCl,, and hydrogen plasma incorporate halide impurities
into the resulting thin films. Similar concerns arise for known
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non-halide metal precursors such as metal containing alkox-
ides, like Ti(OMe),, where oxygen tends to remain in the film
as an impurity.

As an alternative to the halide and oxide precursors, metal
alkylamides, have been used in the art as precursors for ALD
processes. However, these compounds suffer from thermal
instability such that it can be difficult to find a deposition
temperature that will not cause decomposition of the precur-
sors and will keep the thin film atoms intact, but will still keep
the precursors in vapor phase and provide the activation
energy for the surface reactions.

In one aspect of the invention, atomic layer deposition
(ALD) processes for producing metal containing thin films
are provided. The processes preferably comprise alternately
contacting a substrate in a reaction space with vapor phase
pulses of at least one metal containing cyclopentadienyl pre-
cursor and at least one second reactant, such that a thin metal-
containing film is formed on the substrate. In some embodi-
ments, the metal containing cyclopentadienyl precursor
comprises a metal atom that is not directly bonded to a halide
or oxygen atom. In further embodiments, the metal atom is
bonded to at least one cyclopentadienyl ligand and separately
bonded to at least one ligand via nitrogen, wherein the ligands
may comprise oxygenated or halogenated groups not directly
bonded to the metal. In other embodiments the cyclopentadi-
enyl precursor does not contain halide or oxygen atoms at all.
In yet other embodiments, the metal containing cyclopenta-
dienyl precursor comprises a nitrogen-bridged ligand.

In preferred embodiments, the metal containing cyclopen-
tadienyl precursor comprises a metal selected from the group
consisting of Al, Ga, In, Sc, Ti, V, Cr, Mn, Fe, Co, N1, Y, Zr,
Nb, Mo, Tc¢, Ru, Rh, La, Hf, Ta, W, Re, Os, and Ir, more
preferably from the group consisting of Ti, Zr, Hf, Ta, W, Nb,
and Mo. In some embodiments, the metal containing cyclo-
pentadienyl precursor comprises a metal with a trivalent oxi-
dation state.

Inanother aspect of the invention, ALD processes for form-
ing an elemental metal thin film are provided. The processes
preferably comprise alternately contacting a substrate with a
metal containing cyclopentadienyl precursor as described
above and a second reactant such that an elemental metal thin
film is formed on the substrate. In some embodiments, the
second reactant is selected from hydrogen or hydrogen
plasma. The cycles are repeated until a thin film of the desired
thickness has been deposited.

Inanother aspect of the invention, ALD processes for form-
ing a metal nitride thin film are provided. The processes
preferably comprise alternately contacting a substrate with a
metal containing cyclopentadienyl reactant as provided
above and a second nitrogen containing reactant such that a
metal nitride thin film is formed on the substrate. In some
embodiments, the second reactant is selected from NH;, N,
plasma, N,/H, plasma, hydrazine, and/or hydrazine deriva-
tives.

In another aspect of the invention, an atomic layer deposi-
tion process for forming a metal carbide thin film comprises
alternately contacting a substrate with a metal containing
cyclopentadienyl precursor as provided above and second
carbon containing reactant such that a metal carbide thin film
is formed on the substrate. In some embodiments, the carbon
source is a hydrocarbon such as an alkane, alkene, and/or
alkyne. In other embodiments, the carbon containing com-
pound preferably comprises a central atom selected from
group B, Al, Ga, In, Si, Ge, Sn, P, As, or S.

In another aspect, multicomponent thin films are deposited
by atomic layer deposition processes. The processes prefer-
ably comprise at least two growth sub-cycles with the first
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sub-cycle comprising contacting a substrate with alternate
and sequential vapor phase pulses of a first metal precursor
and a first reactant, and then a second sub-cycle comprising
contacting the substrate with alternate and sequential vapor
phase pulses of a second metal precursor and a second reac-
tant. In some embodiments the second metal precursor is
different from the first metal precursor. For example, the
second metal precursor may comprise a different metal from
the first metal precursor. In other embodiments the second
reactant is different from the first reactant. For example, the
first and second reactants may contribute different species,
such as N, C, or O to the growing film. In at least one of the
growth sub-cycles the metal precursor is a metal containing
cyclopentadienyl precursor as described above. The sub-
cycles may be repeated in equivalent numbers. However, in
some embodiments the ratio of the sub-cycles is varied to
achieve the desired film composition, as will be apparent to
the skilled artisan.

In another aspect, a multicomponent thin film comprises at
least one elemental metal layer whereby at least one of the
growth sub-cycles comprises contacting a substrate with
alternate and sequential vapor phase pulses of a metal con-
taining cyclopentadienyl precursor and a reactant. In some
embodiments, the reactant is selected from hydrogen and
hydrogen plasma.

In another aspect, a multicomponent thin film comprising
at least one metal nitride layer is deposited by atomic layer
deposition type processes. The processes preferably com-
prise at least one sub-cycle of alternating and sequential
pulses of a metal containing cyclopentadienyl precursor and a
nitrogen containing reactant. In some embodiments the nitro-
gen containing material is selected from the group consisting
of NH;, N, plasma, N,/H, plasma, hydrazine, and hydrazine
derivatives.

In another aspect, a multicomponent thin film comprising
at least one metal carbide layer is deposited by atomic layer
deposition type processes. The processes preferably com-
prise at least one sub-cycle of alternating and sequential
pulses of a metal containing cyclopentadienyl precursor and a
carbon source material. In some embodiments the carbon
source material is a hydrocarbon. In other embodiments, the
hydrocarbon is selected from alkanes, alkenes, and alkynes.
The carbon containing compound may be one with a central
atom selected from group B, Al, Ga, In, Si, Ge, Sn, P, As, or S.

The disclosed ALD processes preferably comprise at least
one sub-cycle comprising alternating and sequential pulses of
a metal containing cyclopentadienyl precursor. Preferably,
the metal containing cyclopentadienyl precursor comprises at
least one cyclopentadienyl ligand and a metal that is not
directly bonded to a halide or oxygen atom. Alternatively, the
metal precursor comprises at least one cyclopentadienyl
ligand and at least one ligand that is separately bonded to the
metal via nitrogen, wherein each ligand may contain oxygen-
ated or halogenated groups not directly bonded to the metal.
In some preferable embodiments, at least one chelating
ligand, such as a bidentate ligand, is bonded to the metal via
nitrogen. Additionally, the metal containing cyclopentadienyl
precursor may comprise a nitrogen-bridged ligand. In some
embodiments the precursor does not comprise any oxygen or
halide atoms.

Preferably, the metal precursor is selected from
R'R’R’R*R’Cp),-MR°,)—(R°),, R'R*R*R*R’Cp), -
MR° —(NR'R?), (R'R*R’R*R°Cp),-MR°_ —(NR'NR?>
R),, and (RfRzR3 R*R°Cp),-MR°_-[(NR'NR?*)CNR?],,
(R'R’R’R*R’Cp),-MR°_-[(NR'NR*)CNR’R?],.. The metal
containing cyclopentadienyl precursor may be, for example, a
titanium cyclopentadienyl compound having the formulas
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4

described. In some embodiments the precursor is biscyclo-
pentadienyl triisopropylguanidinato titanium (I1I).

Preferably the substrate temperature is higher than the
evaporation temperature of the precursor and lower than the
decomposition temperature of the precursor.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flow chart showing a typical process flow
according to some preferred embodiments.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Stable metal containing precursors that have thermal sta-
bility yet avoid possible contamination problems are desir-
able for ALD processes. As discussed below, metal cyclopen-
tadienyl compounds with the particular characteristics
described herein have been found to be good metal precursors
for depositing metal containing thin films by ALD because
these compounds avoid many of the problems associated with
the use of previously known metal precursors.

In context of the present invention, “an ALD type process”
generally refers to a process for depositing thin films on a
substrate molecular layer by molecular layer. This controlled
deposition is made possible by self-saturating chemical reac-
tions on the substrate surface. Vapor phase reactants are con-
ducted alternately and sequentially into a reaction chamber
and contacted with a substrate located in the chamber to
provide a surface reaction. Typically, a pulse of a first reactant
is provided to the reaction chamber where it chemisorbs on
the substrate surface in a self-limiting manner. Any excess
first reactant (and reactant byproducts, if any) is then removed
and a pulse of a second reactant is provided to the reaction
chamber. The second reactant reacts with the adsorbed first
reactant, also in a self-limiting manner. Excess second reac-
tant and reaction by-products, if any, are removed from the
reaction chamber. Additional reactants may be supplied in
each ALD cycle, depending on the composition of the thin
film being deposited. This cycle is repeated to form a metal
containing thin film of desired thickness.

The pressure and the temperature of the reaction chamber
are adjusted to a range where physisorption (i.e., condensa-
tion of gases) and thermal decomposition of the precursors
are avoided. Consequently, only up to one monolayer (i.e., an
atomic layer or a molecular layer) of material is deposited at
atime during each pulsing cycle. The actual growth rate of the
thin film, which is typically presented as A/pulsing cycle,
depends, for example, on the number of available reactive
surface sites on the surface and bulkiness of the reactant
molecules.

Gas phase reactions between precursors and any undesired
reactions with reaction by-products, if any, are preferably
inhibited or prevented to maintain self-limiting behavior and
minimize contamination. Reactant pulses are separated from
each other and the reaction chamber is purged with the aid of
an inactive gas (e.g. nitrogen or argon) and/or evacuated
between reactant pulses to remove surplus gaseous reactants
and reaction by-products from the chamber. The principles of
ALD type processes are discussed e.g. in the Handbook of
Crystal Growth 3, Thin Films and Epitaxy, Part B: Growth
Mechanisms and Dynamics, Chapter 14, Atomic Layer Epi-
taxy, pp. 601-663, Elsevier Science B.V. 1994, the disclosure
of which is incorporated herein by reference.

An extensive description of ALD precursors and ALD-
grown materials can be found in the Handbook of Thin Film
Materials, Vol. 1: Deposition and Processing of Thin Films,
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Chapter 2 “Atomic Layer Deposition”, pp. 103-159, Aca-
demic Press 2002, incorporated by reference herein.

In the context of the present application “a reaction space”
designates generally a reaction chamber, or a defined volume
therein, in which the conditions can be adjusted so that depo-
sition of a thin film is possible.

In the context of the present application, “an ALD type
reactor” is a reactor where the reaction space is in fluid com-
munication with an inactive gas source and at least one,
preferably at least two precursor sources such that the precur-
sors can be pulsed into the reaction space. The reaction space
is also preferably in fluid communication with a vacuum
generator (e.g. a vacuum pump), and the temperature and
pressure of the reaction space and the flow rates of gases can
be adjusted to a range that makes it possible to grow thin films
by ALD type processes. The reactor also includes the mecha-
nism, such as valves and programming, to pulse and maintain
separation between the reactants.

Asis well known in the art, there are anumber of variations
of the basic ALD method, including PEALD (plasma
enhanced ALD) in which plasma is used for activating reac-
tants. Conventional ALD or thermal ALD refers to an ALD
method where plasma is not used but where the substrate
temperature is high enough for overcoming the energy barrier
(activation energy) during collisions between the chemi-
sorbed species on the surface and reactant molecules in the
gas phase so that up to a molecular layer of thin film grows on
the substrate surface during each ALD pulsing sequence or
cycle. As used herein, the term “ALD” covers both PEALD
and thermal ALD.

“Metal source material” and “metal precursor” are used
interchangeably to designate a volatile or gaseous metal com-
pound that can be used in an ALD process and contributes
metal to a deposited film.

The term “multicomponent thin film” covers thin films
comprising at least two different metal atoms.

According to preferred embodiments, metal containing
thin films are deposited by ALD using metal containing
cyclopentadienyl precursors. In some embodiments, the
metal containing cyclopentadienyl precursor comprises a
metal selected from the group consisting of Ti, Zr, Hf, Ta, W,
Nb, and Mo. In other embodiments, the metal has a trivalent
oxidation state. In further embodiments, the trivalent metal is
selected from the group consisting of Al, Ga, In, Sc, T1, V, Cr,
Mn, Fe, Co, Ni, Y, Zr, Nb, Mo, Tc, Ru, Rh, La, Hf, Ta, W, Re,
Os, and Ir.

Preferably, the metal containing cyclopentadienyl (Cp)
precursor comprises at least one cyclopentadienyl ligand and
does not contain halide or oxygen atoms. However, in other
embodiments the metal precursor may contain halide or oxy-
gen atoms not directly bonded to the metal. In still other
embodiments the precursor contains at least one cyclopenta-
dienyl ligand and at least one ligand that is bonded to the
metal via nitrogen, wherein each ligand may contain oxygen
or halogen groups not directly bonded to the metal. In some
embodiments, the precursor may contain nitrogen-bridged
ligands. Exemplary recursors can be selected from the group
consisting of compounds according to Formulae I-VII as
described below.

The general formula for a metal precursor comprising at
least one cyclopentadienyl ligand can be written according to
Formula I:

@

wherein M is a metal preferably selected from the group
consisting of Al, Ga, In, Sc, Ti, V, Cr, Mn, Fe, Co, Ni,Y,
Zr,Nb, Mo, Tc, Ru, Rh, La, Hf, Ta, W, Re, Os, and Ir,

IR2R3p4pR 5, 0 &
(R'R’R’RR°Cp),-MR%,—(RS),

10

15

20

25

30

35

40

45

50

55

60

65

6
wherein each R*, R?, R?, R*, R?, and R® is independently
selected from:
i. hydrogen;
ii. linear and branched C,-C,, alkyl, alkenyl and alkynyl

groups, which are independently substituted or
unsubstituted;

iii. carbocyclic groups, such as aryl, preferably phenyl,
cyclopentadienyl, alkylaryl, and halogenated car-
bocyclic groups; and

iv. heterocyclic groups;

wherein RS is independently selected from:

i. hydrogen;

ii. linear and branched C,-C,, alkyl, alkenyl and alkynyl
groups, which are independently substituted or
unsubstituted;

iii. carbocyclic groups, such as aryl, preferably phenyl,
cyclopentadienyl, alkylaryl, and halogenated car-
bocyclic groups;

iv. heterocyclic groups; and

v. NR'R?; and

wherein both x and y are =1 and z=0.

In some embodiments, the metal containing cyclopentadi-
enyl compound comprises at least one ligand that is bonded to
the metal via nitrogen as depicted by Formula II:

(R'R’R’R*R’Cp),-MR®,—(NR'R?), (1)

wherein M is a metal preferably selected from the group
consisting of Al, Ga, In, Sc, Ti, V, Cr, Mn, Fe, Co, Ni,Y,

Zr,Nb, Mo, Tc, Ru, Rh, La, Hf, Ta, W, Re, Os, and Ir,

wherein each R*, R?, R?, R*, R?, and R® is independently
selected from:

i. hydrogen;

ii. linear and branched C,-C,, alkyl, alkenyl and alkynyl
groups, which are independently substituted or
unsubstituted;

iii. carbocyclic groups, such as aryl, preferably phenyl,
cyclopentadienyl, alkylaryl, and halogenated car-
bocyclic groups; and

iv. heterocyclic groups; and

wherein both x and y are =1 and z=0.

In Formula II, the alkyl, alkenyl and alkynyl groups can be
selected from any linear or branched alkyl, alkenyl and alky-
nyl groups which have 1 to 20 carbon atoms, preferably 1 to
10 carbon atoms, in particular 1 to 6 carbon atoms. Examples
of such alkyl groups include methyl; ethyl; n- and i-propyl-;
n-, i- and t-butyl-; n- and isoamyl; n- and isopentyl; n- and
isohexyl; and 2,3-dimethyl-2-butyl. In some embodiments,
alkyl groups are preferred. In other embodiments, the C, _,,,
preferably C, ,,, in particular C, ¢, alkenyl and alkynyl
groups include the corresponding groups having a corre-
sponding degree of unsaturation.

Preferably, the metal containing cyclopentadienyl precur-
sor is acompound having at least one cyclopentadienyl ligand
and at least one chelating ligand, for example, a bidentate
ligand. In some embodiments, this compound is depicted by
Formula III, (R'R’R’R*R°Cp),-MR®,—(NR'NR’R),, as
follows:



US 9,273,391 B2

7
1 am
R
/
RIRZRRIRSCp), < N\R
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wherein M is a metal preferably selected from the group
consisting of Al, Ga, In, Sc, Ti, V, Cr, Mn, Fe, Co, Ni,Y,

Zr,Nb, Mo, Tc, Ru, Rh, La, Hf, Ta, W, Re, Os, and Ir;

wherein R can be any linear and branched C,-C,, alkyl,
alkenyl and alkynyl groups, which are independently
substituted or unsubstituted and R can be bonded to two
bridging nitrogen atoms any point of alkyl, alkenyl and
alkynyl groups;

wherein each R', R*, R?, R*, R®, and R° is independently
selected from:

i. hydrogen;

ii. linear and branched C,-C,, alkyl, alkenyl and alkynyl
groups, which are independently substituted or
unsubstituted;

iii. carbocyclic groups, such as aryl, preferably phenyl,
cyclopentadienyl, alkylaryl, and halogenated car-
bocyclic groups; and

iv. heterocyclic groups; and

wherein both x and y are =1 and z=0.

In other preferable embodiments, the metal containing cyl-
copentadienyl precursor is depicted by Formula IV,
(R'R*R?’R*R’Cp),-MR° —[(NR'NR?*CNR? ],» as follows:

av)

RIRPRR*RCp), <

= N— R3
ROZ/

Z Z
77N m

wherein M is a metal, preferably selected from the group
consisting of Al, Ga, In, Sc, Ti, V, Cr, Mn, Fe, Co, Ni,Y,

Zr,Nb, Mo, Tc, Ru, Rh, La, Hf, Ta, W, Re, Os, and Ir,

wherein each R', R*, R?, R*, R®, and R° is independently
selected from

i. hydrogen;

ii. linear and branched C,-C,, alkyl, alkenyl and alkynyl
groups, which are independently substituted or
unsubstituted;

iii. carbocyclic groups, such as aryl, preferably phenyl,
cyclopentadienyl, alkylaryl, and halogenated car-
bocyclic groups; and

iv. heterocyclic groups; and

wherein both x and y are =1 and z=0.

In further preferable embodiments, the metal containing
cyclopentadienyl precursor is depicted by Formula V,
(RlR2R3R4R5Cp)x-MROZ-[(NRlNRz)CNR3R4]y, as follows:

W)
Rl
/ 4
R
N
s RIRFRPRIRCp), ~‘\c N/ .
Ro/ oy
z N
\
RZ

10
Al, Ga,In, Sc, Ti, V, Cr, Mn, Fe, Co, N1, Y, Zr, Nb, Mo, T¢, Ru,

Rh, La, Hf, Ta, W, Re, Os, and Ir
wherein M is a metal, preferably selected from the group
consisting of Al, Ga, In, Sc, Ti, V, Cr, Mn, Fe, Co, Ni,Y,
Zr,Nb, Mo, Tc, Ru, Rh, La, Hf, Ta, W, Re, Os, and Ir;

15
wherein each R, R?, R?, R*, R>, and R° is independently
selected from:
i. hydrogen;
ii. linear and branched C,-C,, alkyl, alkenyl and alkynyl
20 groups, which are independently substituted or
unsubstituted;
iii. carbocyclic groups, such as aryl, preferably phenyl,
cyclopentadienyl, alkylaryl, and halogenated car-
s bocyclic groups; and

iv. heterocyclic groups; and
wherein both x and y are =1 and z=0.
In a particular example, the metal containing cyclopenta-
dienyl precursor is biscyclopentadienyl! triisopropylguanidi-
nato titanium (III) as depicted by Formula VI:

30
(VD
35 NJ\
)\N N/<
AN
40

In further embodiments, the metal containing cyclopenta-
dienyl compound as described in Formulae I-VI may com-
priseR%, R', R?, R?, R* R’ and R wherein each is indepen-
dently selected from

i. hydrogen;

ii. linear and branched C,-C,, alkyl, alkenyl and alkynyl
groups, which are independently substituted or unsub-
stituted;

iii. carbocyclic groups, such as aryl, preferably phenyl,
cyclopentadienyl, and alkylaryl; and

iv. heterocyclic groups

Optionally, a metal containing cyclopentadienyl com-
pound as described may comprise modified cyclopentadienyl
groups. In some embodiments, the modified cyclopentadi-
enyl groups are selected from the group consisting of Me Cp,
MeCp, EtCp, and Me;SiCp. In further embodiments, the
metal containing cyclopentadienyl compound may comprise
an anionic or dianionic guanidinate ligand such as a triiso-
propylguanidinate ligand.

As illustrated in FIG. 1, in a preferred ALD type process, a
gas phase pulse of first reactant, a metal containing cyclopen-
tadienyl compound (100) is introduced into the reaction space
of an ALD reactor, where it is contacted with a suitable
substrate. No more than a monolayer of the metal precursor
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adsorbs on the substrate surface in a self-limiting manner.
Excess metal precursor is removed from the reaction space by
purging and/or evacuating the chamber (200).

Subsequently, a gas phase pulse of a second reactant is
introduced into the reaction space (300), where it reacts with
the adsorbed metal precursor in a self-limiting manner. The
second reactant will be selected based on the nature of the
metal containing film being deposited. For forming a metal
containing film, the second reactant may strip ligands from
the adsorbed species. In the case of a compound film the
second reactant may also contribute to the film, for example it
may contribute carbon (to form a metal carbide film) or nitro-
gen (to form metal nitride film). Thus, the film may comprise
a single metal species or, through the use of multiple reac-
tants, a combination of species, for example one or more
metal species, nitrogen, carbon .etc. . . . .

After sufficient time for it to react with the adsorbed first
reactant, the second reactant is removed from the reaction
space (400). If a thin film of a desired thickness has been
formed, the process may be terminated (500). However, if
additional deposition is desired, the cycle may be begun again
(600). As discussed below, subsequent cycles may or may not
be identical to the previous cycle.

By alternating the provision of the metal precursor and the
second reactant, a metal containing thin film of the desired
composition and thickness can be deposited. A growth rate of
about from 0.1 to 1.5 A/cycle is typically achieved in ALD
processes. Growth rates and suitable growth temperatures
depend, in part, upon the metal precursor chosen and can be
readily determined by the skilled artisan.

Optionally, an inactive gas can be used as a carrier gas
during deposition. Inactive gas may also be used to purge the
reaction chamber of excess reactant and reaction by-products,
if any, between reactant pulses.

The deposition can be carried out at normal pressure, but it
is preferred to operate the process at reduced pressure. Thus,
the pressure in the reactor is typically from about 1 to about
100 mbar, preferably from 5 to about 50 mbar.

The reaction temperature can be varied depending, in part,
on the evaporation temperature and the decomposition tem-
perature of the precursor. In some embodiments, the range is
from about 20° C. to about 500° C., preferably from about
100° C. to about 400° C., more preferably from about 200° C.
to about 400° C. The substrate temperature is preferably low
enough to keep the bonds among thin film atoms intact and to
prevent thermal decomposition of the gaseous reactants. On
the other hand, the substrate temperature is preferably high
enough to keep the source materials in gaseous phase and
avoid condensation. Further, the temperature is preferably
sufficiently high to provide the activation energy for the sur-
face reaction.

The substrate can be of various types. Examples include,
without limitation, silicon, silica, coated silicon, germanium,
silicon-germanium alloys, copper metal, noble metals group
(including silver, gold, platinum, palladium, rhodium, iri-
dium and ruthenium), nitrides, such as transition nitrides, e.g.
tantalum nitride TaN, carbides, such as transition carbides,
e.g. tungsten carbide WC, and nitride carbides, e.g. tungsten
nitride carbide WN,C,. The preceding thin film layer depos-
ited on the substrate, if any, will form the substrate surface for
the next thin film.

Formation of a Elemental Metal Thin Film

According to some embodiments, a metal containing
cyclopentadienyl compound as described above, preferably
one wherein the metal is not directly bonded to a halide or
oxygen atom, is used to produce an elemental metal thin film.
The metal precursor may be selected from compounds

10

15

20

25

30

35

40

45

50

55

60

65

10

according to Formulae I-VI as described above. In some
embodiments, the elemental metal thin film is deposited by
alternately and sequentially contacting the substrate with the
metal containing cyclopentadienyl compound and a second
reactant to deposit an elemental metal thin film. In some
embodiments, the second reactant is hydrogen or hydrogen
plasma. In some particular embodiments, the metal precursor
is a titanium cyclopentadienyl compound.

Formation of a Metal Nitride Thin Film

According to the preferred embodiments, a metal contain-
ing cyclopentadienyl precursor as described above, prefer-
ably wherein the metal is not directly bonded to a halide or
oxygen atom, can be used to produce a metal nitride thin film.
The metal precursor may be selected from compounds
according to Formulae I-VI as described above. The metal
containing cyclopentadienyl reactant is provided to the reac-
tion space alternately and sequentially with a nitrogen source
material. In some such embodiments the nitrogen source
material may be selected from the group consisting of NH;,
N, plasma, N,/H, plasma, hydrazine, and/or hydrazine
derivatives. In some particular embodiments a titanium
nitride thin film is deposited.

Formation of a Metal Carbide Thin Film

A metal containing cyclopentadienyl precursor as pro-
vided above, preferably wherein the metal is not directly
bonded to a halide or oxygen atom, can also be used in
conjunction with a carbon compound to produce a metal
carbide thin film. Preferably the metal precursor is selected
from compounds according to Formulae I-VI as described
above and is provided alternately and sequentially with a
second carbon-contributing reactant in an ALD process. In
some embodiments, the carbon compound is a hydrocarbon.
In some such embodiments the hydrocarbon is selected from
alkanes, alkenes, and alkynes. Additionally, in some embodi-
ments, the carbon containing compound is one with a central
atom selected from group B, Al, Ga, In, Si, Ge, Sn, P, As, or S.
In some particular embodiments, the metal containing pre-
cursor is a titanium cyclopentadienyl compound and the
metal carbide thin film is a titanium carbide thin film.

Formation of a Multicomponent Thin Film

In order to produce multicomponent thin films, at least one
additional metal source material can be introduced to the
ALD process. In some preferred embodiments, each addi-
tional metal source material is provided in a separate pulse,
with each cycle comprising feeding a vapor phase pulse of an
additional metal source material, removing excess additional
metal source material, providing a vapor phase pulse of a
reactant, and removing excess reactant. The same said reac-
tant may be provided after each of the two or more different
metal source material, or different reactants (e.g., reducing
agents, carbon sources, and/or nitrogen sources) may be used
to react with different metal precursors. The number of cycles
for each metal precursor may be equivalent or may be differ-
ent, depending on the composition of the film that is desired.

In other embodiments, a multicomponent thin film is
deposited by ALD processes with at least two growth sub-
cycles comprising a first sub-cycle involving feeding a vapor
phase pulse of a first metal containing precursor, removing
excess first metal containing precursor, providing a vapor
phase pulse of a first reactant, removing excess first reactant;
then a second sub-cycle involving feeding a vapor phase pulse
of a second metal containing precursor, removing excess
second metal containing precursor, providing a vapor phase
pulse of a second reactant, and then removing excess second
reactant. In some embodiments, a third, fourth, fifth etc. . . .
metal compound is used, typically in additional sub-cycles.
The ratio of subcycles can be selected depending on the
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desired thin film composition. At least one sub-cycle deposits
a different material from another sub-cycle. A metal contain-
ing cyclopentadienyl precursor as described above is used a
the metal containing precursor in at least one subcycle.

In some embodiments, ALD processes for producing a
multicomponent thin film comprise at least one elemental
metal sub-cycle. The processes preferably comprise contact-
ing a substrate with alternate and sequential vapor phase
pulses of a metal precursor and a reactant. The first reactant
may be selected from hydrogen or hydrogen plasma. The
metal precursor is preferably a metal containing cyclopenta-
dienyl compound as described above. The metal containing
cyclopentadienyl may be, for example, selected from the
compounds having Formulae [-V1 as described.

In other embodiments, ALD processes for producing a
multicomponent thin film comprise at least one metal nitride
sub-cycle. The processes preferably comprise contacting a
substrate with alternate and sequential vapor phase pulses of
a metal precursor and a reactant. In some embodiments the
metal precursor is preferably a metal containing cyclopenta-
dienyl compound as described above. In some embodiments
the nitrogen containing material is selected from the group
consisting of NH;, N, plasma, N,/H, plasma, hydrazine, and/
or hydrazine derivatives. In some embodiments, the metal
containing cyclopentadienyl may be selected from the com-
pounds having Formulae I-VI as described.

In another embodiment, multicomponent thin film deposi-
tion processes comprising at least one metal carbide sub-
cycle are conducted by atomic layer deposition type pro-
cesses. These sub-cycles preferably comprise contacting a
substrate with alternate and sequential vapor phase pulses of
a metal precursor and a carbon source material, where the
metal precursor is preferably a metal containing cyclopenta-
dienyl compound as described above. In some embodiments,
the carbon source material is a hydrocarbon, preferably a
hydrocarbon selected from alkanes, alkenes, and alkynes.
Additionally, in further embodiments, the carbon containing
compound is one with a central atom selected from group B,
Al, Ga, In, Si, Ge, Sn, P, As, or S. Additionally, the metal
containing cyclopentadienyl may be selected from the com-
pounds having Formulae I-VI as described.

In other embodiments, a pulse of an additional metal pre-
cursor is the second source material provided after the first
metal precursor in the same deposition cycle. A first reactant
is then provided to convert the two metals into the desired
type of thin film. Additional metal precursors may also be
provided prior to provision of a reactant. In other embodi-
ments, a reactant is provided after each metal source precur-
sor, as discussed above.

In addition, in some embodiments, the additional metal
compound is provided in each ALD cycle. That is, a pulse of
the second metal compound is provided for each pulse of the
first metal precursor. However, in other embodiments, the
second metal compound is provided intermittently in a
selected ratio to the first metal precursor pulses in the depo-
sition process. Preferably, at least one of the metal precursors,
for the disclosed ALD processes, is a metal containing cyclo-
pentadienyl compound as described above, such as a titanium
cyclopentadienyl compound.

Although referred to as the “first” reactant or metal precur-
sor, the “second,” and “third” etc., these labels are for conve-
nience and do not indicate the actual order of the metal source
materials or reactants. Thus, the initial ALD cycle may be
started with any of the phases described above. However, one
of skill in the art will recognize that if the initial ALD cycle
does not begin with the metal source phase, at least two ALD
cycles will typically need to be completed to begin deposition
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of'the desired thin film. As is well-known in the art, typically
less than a monolayer of a material is deposited in each ALD
cycle due, in part, to steric hindrance and the availability of
reactive sites on the substrate surface.

At least one of the additional metal precursors can be metal
compounds comprising a single metal or complex metal com-
pounds comprising two or more metals. In some embodi-
ments, the metal compounds comprise at least one metal
selected from the group consisting of Al, Ga, In, Sc, T1, V, Cr,
Mn, Fe, Co, Ni, Y, Zr, Nb, Mo, Tc, Ru, Rh, La, Hf, Ta, W, Re,
Os, and Ir. In other embodiments at least one metal is a
trivalent metal.

Since the properties of the metal compounds vary, the
suitability of each metal compound for use in the ALD pro-
cesses disclosed herein has to be considered. The properties
of'the compounds can be found, e.g., in N. N. Greenwood and
A. Barnshaw, Chemistry of the Elements. 1°* edition, Perga-
mon Press, 1986. The suitability of any particular compound
can readily be determined by a skilled artisan.

The novel thin film deposition processes will find extensive
application as semiconductors, insulators and ferroelectrics.
For example, the films formed according to preferred meth-
ods may define, e.g., diffusion barriers in integrated circuits,
metal gates in transistors, or metal electrodes in capacitor
structures. In some embodiments, metal nitride films may
serve as top/bottom electrodes for MIM/MIS capacitors, such
as eDRAM, DRAM, RF decoupling, and planar and 3-D
capacitors.

In other embodiments, metal carbide films can be formed
as a component of an integrated circuit, such as, e.g., a con-
ductive diffusion barrier forming a part of a line in a dual
damascene structure, a metal gate electrode, such as an
NMOS gate electrode, or an anti-reflective coating. In other
embodiments, the metal carbide film may form a part of hard
coating on a substrate to protect against mechanical wear, or
may be used as a component of a corrosion protection layer.
In still other embodiments, the metal carbide film canbe, e.g.,
used as part of a chemical reaction catalyst or as an etch stop
barrier.

The metal containing cyclopentadienyl precursors
described herein for use in ALD processes not only lack many
of the problems associated with thermal instability, but also
provides for better film uniformity by avoiding oxygen and
halide contamination.

Although the foregoing invention has been described in
terms of certain preferred embodiments, other embodiments
will be apparent to those of ordinary skill in the art. Addition-
ally, other combinations, omissions, substitutions and modi-
fication will be apparent to the skilled artisan, in view of the
disclosure herein. Accordingly, the present invention is not
intended to be limited by the recitation of the preferred
embodiments, but is instead to be defined by reference to the
appended claims.

What is claimed is:

1. A plasma enhanced atomic layer deposition process for
producing a metal containing thin film on a substrate com-
prising alternately and sequentially contacting the substrate
with vapor phase pulses of at least one volatile metal contain-
ing cyclopentadienyl compound, and a second reactant at a
temperature that is low enough to prevent decomposition of
the metal containing cyclopentadienyl compound and the
second reactant, wherein the metal comprises zirconium, and
wherein the metal containing cyclopentadienyl compound
does not contain a metal directly bonded to a halide or oxygen
atom, and wherein the metal containing cyclopentadienyl
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compound comprises at least one cyclopentadienyl bonded to
the metal and at least one ligand that is separately bonded to
the metal via nitrogen.

2. The process of claim 1, wherein the metal containing
cyclopentadienyl ~ compound  has the  formula:
(R'R’R’R*R’Cp),-MR°.—(NR' R?),

wherein M is zirconium,;

wherein each R, R% R?, R*, R, and R'is independently
selected from:

(1) hydrogen;

(ii) linear and branched C,-C,, alkyl, alkenyl and alkynyl
groups, which are independently substituted or unsub-
stituted;

(iii) carbocyclic groups, such as aryl, phenyl, cyclopenta-
dienyl, alkylaryl, and halogenated carbocyclic groups;
and

(iv) heterocyclic groups; and

wherein both x and y are =1 and z =0.

3. The process of claim 2, wherein each of the R* and R? is
independently selected from methyl, ethyl, n-propyl, i-pro-
pyl, n-butyl, i-butyl, t-butyl, n-amyl, isoamyl, n-pentyl, iso-
pentyl, n-hexyl, isohexyl, and 2,3-dimethyl-2-butyl.

4. The process of claim 2, wherein each of the R* and R? is
independently selected from linear and branched C, -C,, alkyl,
alkenyl, and alkynyl groups, which are independently substi-
tuted or unsubstituted.

5. The process of claim 4, wherein each of the R* and R? is
independently selected from linear and branched C, -C,, alky],
which are independently substituted or unsubstituted.

6. The process of claim 2, wherein z is 0.

7. The process of claim 6, wherein y is 3.

8. The process of claim 1, wherein the metal containing
cyclopentadienyl compound does not comprise halide or oxy-
gen atoms.

9. The process of claim 1, wherein the metal containing
thin film comprises an insulator material.

10. The process of claim 1, wherein the temperature is 200°
C. to 400° C.

11. An atomic layer deposition process for producing a
metal containing thin film on a substrate comprising sequen-
tially:

contacting the substrate with a vapor pulse of a first reac-
tant, wherein the first reactant comprises a metal con-
taining cyclopentadienyl compound, wherein the metal
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containing cyclopentadienyl compound does not con-
tain a metal directly bonded to a halide or oxygen atom,
and wherein the metal containing cyclopentadienyl
compound has the formula: (R 'R*R’R*R°Cp) —
MROZ—(NR 'R? )y

wherein M is zirconium;

wherein each R’, R?, R?, R*, R®, and Ris independently
selected from:

(1) hydrogen,

(i1) linear and branched C,-C,, alkyl, alkenyl and alkynyl
groups, which are independently substituted or unsub-
stituted, and

wherein both x and y are =1 and z =0; and

contacting the substrate with a second reactant.

12. The process of claim 11, wherein an inert gas serves as
a carrier gas for the first reactant.

13. The process of claim 11, wherein the atomic layer
deposition process comprises a plasma enhanced atomic
layer deposition process.

14. The process of claim 11, wherein each of the R and R?
is independently selected from linear and branched C,-C,
alkyl, alkenyl, and alkynyl groups, which are independently
substituted or unsubstituted.

15. The process of claim 14, wherein each of the R and R*
is independently selected from linear and branched C,-C,
alkyl, which are independently substituted or unsubstituted.

16. The process of claim 15, wherein each of the R and R*
is independently selected from methyl, ethyl, n-propyl, i-pro-
pyl, n-butyl, i-butyl, and t-butyl.

17. The process of claim 11, wherein z is 0.

18. The process of claim 17, wherein y is 3.

19. The process of claim 11, wherein the metal containing
cyclopentadienyl compound does not comprise halide or oxy-
gen atoms.

20. The process of claim 11, wherein the metal containing
cyclopentadienyl compound comprises a modified cyclopen-
tadienyl group.

21. The process of claim 20, wherein the modified cyclo-
pentadienyl group is selected from the group consisting of
Me,Cp, MeCp, EtCp, and Me,SiCp.

22. The process of claim 11, wherein the metal containing
thin film comprises an insulating thin film.

#* #* #* #* #*
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